A three-dimensional electromagnetic crystal is employed as a directivity-enhancing superstrate for planar antennas. The crystal is a woodpile made of alumina rods. In a shielded anechoic chamber, the performance of a patch antenna covered with the woodpile is measured. The superstrate is positioned at different distances from the antenna and its orientation is varied in the 8-12 GHz frequency range. The return loss, gain and radiation pattern in the E-and H-planes are measured. The electromagnetic behavior of Fabry-Perot cavities with woodpile mirrors, equivalent to the compound radiator, is also studied. The main effect of the crystal on the antenna performance is an enhancement of about 10 dB in maximum gain. A rather complete series of experiments is presented, highlighting the role of the periodic structure in the directivity enhancement and allowing a deeper understanding of the electromagnetic phenomena involved in EBG resonator antennas. Benefits and disadvantages of this kind of antennas are discussed and ideas for future research are given.
Introduction
Electromagnetic band gap (EBG) materials [1] can be successfully employed to improve the performance of antennas [2] , [3] . When used as planar reflectors [4] , substrates [5] , or high-impedance ground-planes [6] , are able to eliminate the drawbacks of conducting ground-planes, to prevent the propagation of surface waves also allowing a lowering of the antenna profile, and to improve the radiation efficiency. In EBG resonator antennas [7] - [11] , an electromagnetic crystal is employed as a superstrate on a primary radiator, backed with a ground plane, and its main effect is a considerable increase in the directivity. Else, it is possible to obtain a highly-directive antenna by embedding a source in an EBG working near its band gap [12] , thanks to the limited angular propagation allowed within the crystal. Recently, these two different methods for antennadirectivity enhancement were compared, with reference to several optimized two-dimensional configurations based on either square or triangular lattices of dielectric rods [13] .
Several research teams have been studying the EBG resonator antenna as a possible solution to be adopted when a directive beam is needed. This is an interesting alternative to aperture antennas and antenna arrays, free of some problems inherent to the usual directive systems, such as the size of the focal structures and the limitations/complications induced by the feeding circuit of arrays. In EBG resonator antennas, the periodic cover is placed at a distance equal to an integer multiple of half a wavelength from the source. Forward radiation can be remarkably enhanced by means of in-phase multiple reflections. A single feed is usually employed, allowing the gain to be increased with low complexity. In some cases [14] , arrays of patches or horns were used as sources. Systems operating at different frequencies, ranging from the microwave region to millimeter waves, can be designed and realized. Electromagnetic crystals with one, two or three periodicity directions can be employed as superstrates. In [15] , the characteristics of directivity enhancement using EBGs, frequency-selective surfaces and left-handed metamaterials were compared. A Fabry-Perot cavity can be used as a cover, in spite of a single EBG superstrate [14] . Usually, the cover is a planar structure. In [16] , a dipole source embedded in a cylindrical EBG was studied, by using a rigorous semi-analytical method, and the performances of the compound antenna were numerically investigated for three different EBG configurations as well as varying the dipole position inside the periodic structure. In this paper, we use a woodpile cover to increase the gain of a microstrip-patch antenna. The woodpile is a threedimensional (3D) EBG with a rather simple geometry, that may present complete 3D stop-bands [17] , [18] . It consists of a stack of dielectric rods with alternating orthogonal orientations. The cross-section of the rods may be rectangular or circular, or else air cylindrical holes may be drilled in a dielectric sample. A woodpile with square-section rods is often preferred, because easier to fabricate. The aim of our paper is to complement the work published in [11] , by presenting several new experimental results. These results highlight the role of the periodic superstrate in the directivity enhancement and we believe that they al-low researchers interested in EBG resonator antennas to achieve a deeper understanding of the electromagnetic phenomena involved in this kind of structures. It is worth noting that experimental works at microwave frequencies, regarding the use of EBGs in antenna engineering, are not so frequent. In most of the published papers numerical results of simulations are reported. In Section 2, proposed EBG resonator antenna is described. We designed a woodpile, with a complete band gap centered on f = 12 GHz and extending over almost 4 GHz [19] . The design was carried out by using an in-house code that implements the Fourier Modal Method (FMM) [20] . Woodpile samples were fabricated, by means of alumina rods with square cross-section [11] . A rectangular patch antenna was realized, resonating at 10.3 GHz. A supporting structure was specifically designed and realized, to hold the antenna together with its woodpile cover during experimental investigations. Section 3 is devoted to numerical results. In a shielded anechoic chamber, in the 8-12 GHz frequency range, the return loss, gain, and radiation pattern were measured in the E-and H-planes, of the compound antenna. The superstrate was positioned at different distances from the patch and its orientation was varied. The electromagnetic behavior of woodpile Fabry-Perot cavities, equivalent to the EBG resonator antenna, was also measured. Conclusions are drawn in Section 4, where benefits and disadvantages of the EBG resonator antenna are also discussed, new applications of these radiators are suggested and ideas for future research are given.
The EBG Resonator Antenna
A woodpile crystal was synthesized, by using an in-house code implementing the FMM, a full-wave approach that solves the monochromatic plane-wave scattering problem by dielectric finite-thickness crossed gratings, as proposed in [20] . The design is described in [19] and resumed in [11] , where the electromagnetic behavior of the proposed woodpile is also analyzed. The crystal consists of four periodic layers of alumina rods, with square section having side length w = 3.18 mm. The relative dielectric constant of the rods is ε r,al = 9.8. The spacing of each layer is d = 8 mm. Rods belonging to consecutive layers are orthogonal. In the third and fourth layers, the rods have the same orientation as in the first and second ones, respectively, but they are in offset by half of the horizontal spacing (see Fig. 1 ). We used the above-mentioned FMM code to simulate a monochromatic plane-wave with electric/magnetic field parallel to the rods impinging normally on this crystal. Results show that there is a band gap centered on f = 12 GHz, extending over almost 4 GHz. By studying the off-plane behavior of the woodpile, we found that the band gap is scarcely sensitive to variations of the electromagnetic-field incidence and polarization. Only a slight reduction in depth and width of the band gap occurs, when these parameters are changed.
Two identical woodpile samples were realized. The rod length is 20 cm, that is almost seven wavelengths at 10 GHz, and is equal to 25d. This ensures that the sample behavior is close to that of an electromagnetic crystal with rods of infinite length and with an infinite number of periods in both the directions of the rod axes. The diameter tolerance of the rods is ±3%, their straightness is represented by a camber/length parameter ≤ 0.003, and the maximum twist is 2 o per 30.48 cm. For more details about the woodpile fabrication see [11] . We realized a microstrip antenna, from a 0.76 mm thick Rogers/RT Duroid 5870 laminate (relative permittivity 2.33), printed on both sides with 36-µm thick copper. With a PC-controlled milling table, on one side of the layer a 8 × 8.4 mm rectangular patch was cut. The antenna is fed from below by a coaxial probe (SMA connector). The feed point, where the probe is attached to the patch, is centered with respect to the shorter side of the patch, and it is 1.2 mm away from the centre of the longer side. A PVC table and a teflon-PVC support were designed and realized, to hold the couple of woodpile samples, or the antenna and a woodpile, during experimental investigations.
Experimental Results
All the experiments were performed in a 3.20 × 3.20 × 2.70 m shielded anechoic chamber, by using a HP 8530 vector network analyzer. We analyze the electromagnetic behavior of Fabry-Perot cavities with woodpile mirrors, changing the cavity length and the field polarization (Subsection 3.1). We subsequently study the performances of the woodpile-covered patch, changing the distance between the antenna and the EBG cover, and the field polarization (Subsections 3.2-3.4). As many results are reported, it is possible to appreciate the consistence of the experimental data we collected. Moreover, one may achieve a general understanding of the electromagnetic behavior of the considered devices. The effects of the cavity length and of the field polarization on the overall performance of the EBG resonator antenna are clearly pointed our. A sketch of both the Fabry-Perot cavity and the woodpile-patch is reported in Fig. 1 .
As a preliminary experiment, we measured the reflection parameter, the gain, and the radiation diagram in the Eand H-planes, of the patch antenna introduced in Section 2. This antenna resonates at 10.3 GHz. At this frequency, the magnitude of its return loss is |S 11 | = −11.69 dB. By using, as a standard transmitter, a horn antenna with a maximum gain equal to 16 dB and a standing-wave ratio (SWR) equal to 1.25, we found that the maximum gain of our patch antenna is G p = 6.18 dB.
Fabry-Perot Cavity with Woodpile Mirrors
We performed a series of measurements on a Fabry-Perot cavity with woodpile mirrors. The adopted setup consisted of a couple of X-band precision pyramidal horn antennas, placed one in front of the other, with both the woodpile samples in the middle. The samples were placed at a distance h from each other and held by the PVC/Teflon support. This structure resonates when its equivalent length L eq is an integer multiple of λ 2 , where λ is the wavelength of the electromagnetic field in air. The cavity may also be considered as an EBG with a break of its periodicity, in which some periodic layers are replaced by a homogeneous airregion with thickness h: the main effect of creating a defect in a band-gap structure, is the occurrence of transmission peaks inside the prohibited bands [21] , [22] . We identified a set of cavities with different lengths and showing a transmission peak at 10.3 GHz (resonance frequency of proposed patch antenna). We considered different polarization states of the electromagnetic field (electric field parallel or orthogonal to the most internal rods of the cavity).
In order to comply with the frequency band of the horn antennas, measurements were performed in the 8-12 GHz range. The distance between the horns was chosen after a series of preliminary experiments aimed at ensuring a good compromise between the planarity of the wavefront impinging on the woodpile and the diffraction effects due to the finite extension of the samples. The cavity transmission properties were determined from the measured S 21 scattering parameter. Its magnitude is equal to the transmission efficiency of the cavity. A preliminary reference calibration was performed with no sample placed between the two horns. Upon completion of each experimental session a further measurement was performed removing again the woodpile samples, to check that the drift in the measurement system was within acceptable levels.
In Fig. 2 , the measured transmission efficiency η T is plotted as a function of frequency, for ten different cavities resonating at 10.3 GHz. In all those measurements, the electric field was parallel to the rods of the woodpile layers nearest to the air region inside the cavity. It is noted that in longer cavities a higher number of transmission peaks occurs within the considered frequency range, as expected. Accordingly, the peak centered in 10.3 GHz has a higher quality factor when the cavity is longer. It is also noted that, in all the studied cases (i.e. for all values of the cavity length), the transmission peaks occurring at lower frequencies show a higher efficiency. This is an expected phenomenon and is due to the fact that, when the wavelength of the electromagnetic field is longer, the thickness of the woodpile mirrors is electrically smaller, hence the propagation through the mirrors causes smaller losses. In Fig. 3 , the same as in Fig. 2 is shown, for ten different cavities with electric field orthogonal to the most internal rods of the cavity. Similar comments apply. It can be appreciated that the equivalent length of a woodpile cavity is highly dependent on the electromagnetic field polarization with respect to the EBG orientation. In this regard, please also see [11] , where we presented simulation results showing that the periodic arrangement of bars perpendicular to the electric field has a negligible effect on the transmission efficiency through the whole structure.
Return Loss of the Woodpile-covered Patch Antenna
According to the image theory, a configuration equivalent to the Fabry-Perot woodpile cavity is obtained, if the cavity is halved, with respect to its symmetry plane, by means of a perfectly conducting surface. If the ground plane of a patch antenna is employed instead of a perfectly conducting surface, an EBG resonator antenna is built (see Fig. 1b ). The measurements we performed on the woodpile-covered patch antenna include return loss, gain, and radiation patterns in the E-and H-planes. In this Subsection, return-loss results are reported. For return-loss measurements, an Agilent E8363B performance network analyzer was used, which was preliminarily calibrated at the port by means of a short-open-load procedure, employing the 85052B mechanical calibration kit. The superstrate was positioned at various distances h 2 from the patch, corresponding to half length of the cavities resonating at 10.3 GHz. We verified that achieving a good parallelism between the ground-plane and the woodpile is very important to maximize the performances of the compound antenna. Moreover, we observed that a woodpile shift, parallel to the ground plane, does not affect the behavior of the radiator. The orientation of the superstrate, instead, is very important, as in woodpile cavities. In Figs. 4 and 5 , the return loss of the woodpile-covered patch antenna is presented. In particular, in Fig. 4 ten different values of h 2 are considered and the woodpile rods nearest to the ground plane are parallel to the electric field radiated by the patch. Figure 5 is analogous to Fig. 4 , but now the rods nearest to the ground plane are orthogonal to the electric field. For the return loss of the patch alone, see Fig. 15 in [11] . In all the examined cases, we observed that the EBG superstrate does not significantly affect the antenna matching. However, we found that when the equivalent distance between the woodpile and the patch is roughly equal to an integer multiple of λ 2 (as in the right-column plots of Figs. 4 and 5), the effect of the EBG over the |S 11 | frequency trend is stronger than it is when the above-mentioned equivalent distance is an odd integer multiple of λ 4 (as in the leftcolumn plots of Figs. 4 and 5 ). This happens because in the former case (right-column plots) the multiple reflections between the antenna and the superstrate are summed in phase. Hence their overall effect on the return loss is more pronounced, whereas in the latter case (left-column plots) the multiple reflections are in phase opposition to each other and their overall effect on the return loss is totally negligible.
Gain of the Woodpile-covered Patch Antenna
Gain and radiation pattern measurements were performed with a setup similar to the one described for cavity characterization. In particular, the receiving horn antenna was replaced by the patch antenna, which was positioned on a remotely controlled turntable. The distance between the two antennas was chosen to be 1 m, in order to be in the far field of the radiators. The setup was preliminarily subjected to a reference calibration with the microstrip antenna replaced by the second standard gain horn. In this Subsection, gain results are presented.
In Fig. 6 , the maximum gain of the woodpile-covered patch antenna, G pw , normalized to the maximum gain of the patch alone, G p , is plotted as a function of frequency, for the same woodpile orientation and h 2 distances studied in Fig. 4 . When the equivalent distance between the woodpile and the patch is roughly equal to an integer multiple of λ 2 , as in the right column of the figure, the maximum gain enhancement due to the woodpile occurs at 10.3 GHz.
The multiple reflections are present between the antenna and the superstrate, and they are summed in phase at the interface between air and woodpile. Instead, when the abovementioned equivalent distance is an odd integer multiple Similar results were collected for the configurations with the bars nearest to the ground plane parallel or orthogonal to the electric field, as can be appreciated by comparing Fig. 6 with Fig. 7.  Fig. 7 . Maximum gain of the woodpile-covered patch antenna, G pw , normalized to the maximum gain of the patch alone, G p , in decibels, vs. frequency; the distance h 2 assumes ten different values, the woodpile bars nearest to the ground plane are orthogonal to the electric field radiated by the patch.
The gain enhancement at 10.3 GHz turns out to be equal to about 10 dB, regardless of the distance between patch and woodpile. Note that, in some cases, we measured a smaller gain enhancement. This is due to the fact that achieving a good parallelism between the ground plane and the woodpile is extremely important for maximizing the per- Fig. 8 . E-and H-plane radiation pattern for the patch alone, for the woodpile-covered patch with h = 90 mm (configuration studied in Fig. 6) , and for the woodpile-covered patch with h = 84 mm (configuration studied in Fig. 7 ), at 10.3 GHz.
formance of the compound antenna, but unfortunately we do not have the necessary experimental means for checking and optimizing the parallelism.
Radiation Pattern of the Woodpile-covered Patch Antenna
We finally measured the E-and H-plane radiation patterns of the woodpile-covered patch antenna at 10.3 GHz. In Fig. 8, a couple of examples are reported. In particular, we present results for the patch alone, for the woodpilecovered patch with h = 90 mm (configuration studied in Fig. 6) , and for the woodpile-covered patch with h = 84 mm (configuration studied in Fig. 7 ). Data were recorded every 2 • . The directivity enhancement due to the presence of the EBG cover can be easily appreciated.
Conclusions
This work dealt with EBG resonator antennas. A woodpile was used for directivity-enhancing of a linearly-polarized rectangular-patch antenna. The compound radiating system was experimentally characterized in the 8-12 GHz frequency range, in a shielded anechoic chamber, by using a vector network analyzer. The EBG superstrate was designed by using an in-house code implementing the Fourier Modal Method. Two wood-pile samples were fabricated, by means of alumina rods with square cross-section. Moreover, a rectangular patch antenna was realized. First, the transmission properties of Fabry-Perot resonators with woodpile mirrors were measured. The cavity length and the orientation of the mirrors were varied. In particular, we looked for configurations resonating at 10.3 GHz, i.e. at the resonance frequency of the patch antenna. Subsequently, the return loss, the gain, and the radiation pattern in the E-and H-planes were measured, for the patch antenna covered with the woodpile. The superstrate was positioned at different distances from the antenna and its orientation was varied. In order to obtain a directivity enhancement the equivalent distance between the woodpile and the antenna had to be an integer multiple of λ 2 . With such setup, the presence of the EBG superstrate above the patch determined an enlargement of the source equivalentaperture area, resulting in highly directive radiation. The gain of the woodpile-covered patch turned out to be about 10 dB higher than the gain of the patch alone. Similar results were obtained for configurations with the bars nearest to the patch parallel or orthogonal to the electric field. In all the examined cased, the periodic superstrate did not significantly affect the antenna matching. An interesting feature of this kind of radiating systems is that they are more compact than classical highly-directive antennas. Moreover, they can be excited by a single feeding device. Note that achieving a high directivity by means of an array of sources is more expensive. Also that typically an array has a highly resonant matching. From our results it is evident that, once the distance between ground-plane and woodpile is fixed, there are different resonance frequencies at which the gain enhancement occurs. This suggests that a number of primary radiators, working at appropriate frequencies, may benefit from the same superstrate to increase their directivity. We also observed that the resonance frequency of the compound antenna strongly depends on the source polarization, and rods orthogonal to the electric-field direction have a very little influence on the antenna performances. Hence, orthogonal radiators might exploit different layers of the same EBG cover. This means that it is possible to design a device generating or receiving two orthogonal uncoupled linear polarization states, with high directivity, or else, a device allowing an easy control of the polarization of the emitted or received field. Further ideas for future work include: the design and realisation of EBG resonator antennas with low-thickness superstrates, in order to reduce the radiating-system size or, with monolithic superstrates, easier to implement with respect to a woodpile and less fragile; else, with low-permittivity and low-cost superstrates, to be fabricated with common 3D printers. With respect to the latter, we plan to investigate the possibility to realise heterogeneous superstrates, in which different permittivity values can be achieved from a single material. Our idea is to create small (compared to the wavelength) air inclusions in the material, so that -by varying the size and periodicity of the small voids -the local permittivity of the superstrate can be controlled. The authors are keen to develop these innovative applications in the near future.
